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Abstract
CP violation in semileptonic top-quark decay is investigated by exactly using one charged- and three
neutral-Higgs bosons obtained by solving the Higgs mass matrix in two-Higgs doublet model. The CP-
violating up-down asymmetry of leptons from W boson decays is shown to be 1 × 10−4 ∼ 4 × 10−3 for
the region of tanβ ≪ 1, where tanβ is the ratio of vacuum expectation values for the two neutral Higgs
bosons.
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1 Introduction
CP violation in kaon physics was explained by the phenomenological K0 − K0 mixing. It has been
suggested that CP violation in this sysytem originates in the Kobayashi-Maskawa mechanism of CP
violation [1]. Its mechanism is expected to be tested by B-meson decays in the coming B-factories. CP
violation in top-quark decays will also be studied in the future experiments.
The top-quark decays have some advantages superior to the K- and B-decays, because the top quark
would decay before it hadronizes and we can use its polarization in order to detect CP violation [2],
since the lifetime is shorter than 10−23 s [3] due to its large mass (mt = 180 GeV) [4]. CP violation in
t→ W+b decays is estimated to be very small in the Kobayashi-Maskawa Standard Model and therefore
it is sensitive to Higgs boson exchanges of the non-standard effect. The two-Higgs doublet model of type
II [5] with the CP-violating neutral sector [6] was used in the study of electric dipole moment of neutron
[7], and then the idea was applied to t → W+b decay [8]. Lately, we considered consistently in unitary
guage the CP violating up-down asymmetry of the leptons from W boson decays in t→W+b [9], which
was defined by Grza¸dkowski and Gunion [8]. Though only one! degenerate neutral Higgs boson was
used for calculating the effects of neutral Higgs boson exchange in those papers, the exact number of the
real neutral Higgs bosons is three in the two-Higgs doublet model [10]. In the present paper, by using
one charged- and three neutral-Higgs bosons obtained by solving the Higgs mass matrix, we calculate
the CP-violating up-down asymmetry in the top-quark decay. In the next section, the asymmetry of
lepton distributions is briefly expressed by the non-standard tbW -vertex form factors. In Sect. 3 Higgs
mass matrix is investigated in the two-Higgs doublet model, and then the CP-violating asymmetry is
examined exactly with the three neutral Higgs bosons in Sect. 4. Section 5 is devoted to the conclusions
and discussions.
2 Up-down asymmetry of lepton distributions in top decays
We investigate CP violation in t→W+b decays [9] by the lepton distribution up-down asymmetry from
W decay defined by Grza¸dkowski and Gunion [8]. We introduce the up-down asymmetry with respect to
t→ W+b decay plane in the top-quark laboratory frame for e+e− → tt¯ defined in Ref. 8 as
At ≡ N
t
Dt
, (1)
where
N t =
∫
dΦ(t→W+b)
∫ −1
1
d cos θl+
[∫ pi
0
−
∫ 0
−pi
]
dφl+
dσtot
dΦ(t→W+b)dΦ(W+ → l+ν) , (2)
Dt =
∫
dΦ(t→W+b)
∫ −1
1
d cos θl+
[∫ pi
0
+
∫ 0
−pi
]
dφl+
dσtot
dΦ(t→W+b)dΦ(W+ → l+ν) , (3)
in which θl+ and φl+ are the polar and azimuthal angles of the lepton l
+ in the W+ rest frame, and
dσtot/[dΦ(t→W+b)dΦ(W+ → l+ν)] is the differential cross section for t→W+b→ l+νb, dΦ(t→W+b)
being the phase space for t → W+b decay and so on. In calculating Eq. (2) and Eq. (3), we adopt the
2
most general parametrization of tbW -vertex for t→W+b decays as follows,
Γµ = − g√
2
Vtbu¯(pb)[γ
µ(fL1 PL + f
R
1 PR)−
iσµνkν
mW
(fL2 PL + f
R
2 PR)]u(pt), (4)
where PR/L = (1 ± γ5)/2, k is the W momentum, Vtb is the (tb)-element of the Cabibbo-Kobayashi-
Maskawa mixing matrix and g is the SU(2) guage coupling constant. We obtain the following expression
for N t and Dt as developed in Refs. 8 and 9,
N t = A 2π3
m2t −m2W
m2W
P t||Im(f
L
1 f
R∗
2 ), (5)
Dt = A
16π2
3
[
m2t + 2m
2
W
m2W
|fL1 |2 + 6
mt
mW
Re(fL1 f
R∗
2 ) +
2m2t +m
2
W
m2W
|fR2 |2], (6)
where A is a common factor and P t|| is the longitudinal polarization of top quark. If we keep only leading
term in Dt, we obtain the following expression for the asymmetry At,
At =
3π
8
m2t −m2W
m2t + 2m
2
W
P t||Im(f
L
1 f
R∗
2 )/|fL1 |
2
. (7)
It is important to note that Vtb disapears in A
t and fL1 = 1 and f
R
2 = 0 at the tree level and f
R
2 does not
have any contribution even at the one-loop level in the Standard Model [11]. So, At is sensitive to the
non-standard origin of CP violation.
3 Higgs mass matrix in two-Higgs doublet model
The two-Higgs doublet model (type II) with the CP-violating neutral sector was adopted to calculate the
neutron electric dipole moment by Weinberg [7]. Though he used the approximation of one degenerate
neutral Higgs boson, this degeneracy is dissolved into three Higgs bosons by diagonalizing the Higgs
mass matrix [10]. By using one charged- and three neutral-Higgs bosons coming from the two-Higgs
doublets φ1 and φ2, we reexamine CP violation in top-quark decays. We adopt the parametrization for
Higgs bosons defined by Weinberg [7], which is formulated in unitary guage through the unitary guage
condition [12], where Goldstone bosons do not appear in this model. The three neutral scalars in the
model are parametrized as
φ01 =
v1√
2|v1|
[
Φ1 − i |v2|
v
Φ3
]
,
φ02 =
v2√
2|v2|
[
Φ2 − i |v1|
v
Φ3
]
, (8)
where v1 and v2 are the vacuum expectation values of φ1 and φ2, respectively and v ≡
√
|v1|2 + |v2|2.
The two real new fields Φ1 and Φ2 are of CP-even and the third scalar Φ3 is of CP-odd, as is evident
from Eq. (8), so CP violation will occur via the scalar-pseudoscalar interference term in the following
quantities,
〈φ02φ0∗1 〉
v∗1v2
=
3∑
k=1
√
2GFZ
(k)
0
m2k − q2
,
〈φ02φ01〉
v1v2
=
3∑
k=1
√
2GF Z˜
(k)
0
m2k − q2
,
3
〈φ01φ01〉
v21
=
3∑
k=1
√
2GFZ
(k)
1
m2k − q2
,
〈φ02φ02〉
v22
=
3∑
k=1
√
2GFZ
(k)
2
m2k − q2
, (9)
where 〈φ0iφ0j〉 is for any pair of scalar fields φ0i and φ0j , an abreviation for the momentum-dependent
quantity
〈φ0iφ0j 〉 =
∫
d4x〈T [φ0i (x)φ0j (0)〉vace−iq·x, (10)
evaluated in the tree-level approximation, and mk (k = 1, 2, 3) are the masses of real neutral scalar Higgs
bosons, the eigenvalues of the Higgs mass matrix. The imaginary parts of the scalar fields normalization
constants Zi (i = 0, 1, 2) are deduced to
ImZ
(k)
0 =
√
1 + cot2 β u
(k)
1 u
(k)
3 +
√
1 + tan2 β u
(k)
2 u
(k)
3 ,
ImZ˜
(k)
0 =
√
1 + cot2 β u
(k)
1 u
(k)
3 −
√
1 + tan2 β u
(k)
2 u
(k)
3 ,
ImZ
(k)
1 = −2
√
tan2 β + tan4 β u
(k)
1 u
(k)
3 ,
ImZ
(k)
2 = 2
√
cot2 β + cot4 β u
(k)
2 u
(k)
3 , (11)
where u
(k)
i denotes the i-th component of the k-th normalized eigenvector of the Higgs mass matrix and
tanβ = |v2|/|v1|.
Let us estimate u
(k)
i and mk by studying the symmetric Higgs mass matrix squared M
2 derived from
the Higgs potential
V =
1
2
g1(φ
†
1φ1 − |v1|2)2 +
1
2
g2(φ
†
2φ2 − |v2|2)2
+ g3(φ
†
1φ1 − |v1|2)(φ†2φ2 − |v2|2) + g′|φ†1φ2 − v∗1v2|
2
+Re[h(φ†1φ2 − v∗1v2)2] + ξ[
φ1
v1
− φ2
v2
]†[
φ1
v1
− φ2
v2
]. (12)
We insert Eq. (8) into Eq. (12) and get the symmetric Higgs mass matrix M2, whose elements are
M211 = 2g1|v1|2 + g′|v2|2 +
ξ +Re(hv∗21 v
2
2)
|v1|2
,
M222 = 2g2|v2|2 + g′|v1|2 +
ξ +Re(hv∗21 v
2
2)
|v2|2
,
M233 = v
2[g′ +
ξ − Re(hv∗21 v22)
|v1v2|2
],
M212 = |v1v2|(2g3 + g′) +
Re(hv∗21 v
2
2)− ξ
|v1v2| ,
M213 = −
v
|v21v2|
Im(hv∗21 v
2
2),
M223 = −
v
|v1v22 |
Im(hv∗21 v
2
2). (13)
As a phase convention, we take h to be real and
v∗1v2 = |v1||v2|exp(iφ). (14)
The parameters are constrained only by the following positivity conditions [12],
g1 > 0, g2 > 0, h < 0, h+ g
′ < 0, g3 + g
′ + h > −√g1g2. (15)
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The Higgs mass matrix can be simply diagonarized in the extreme cases, tanβ ≫ 1, tanβ ≃ 1 and
tanβ ≪ 1 [10]. In the first case; tanβ ≫ 1, we get the relations between the parameters and mass
eigenvalues,
g2 =
m21
2v2
, g′ + ξ¯ =
m22 +m
2
3
2v2
, h =
m22 −m23
2v2
, ξ¯ =
m2H
v2
, g′ =
m22 +m
2
3 − 2m2H
2v2
, (16)
and mass eigenvectors as
u(1) = [cosβ − ǫ sinβ, − sinβ, 0],
u(2) = [sinβ cosφ, (cosβ − ǫ sinβ) cosφ, − sinφ],
u(3) = [sinβ sinφ, (cos β − ǫ sinβ) sinφ, cosφ], (17)
where mH is the mass of the charged Higgs boson, ξ¯ = ξ/|v1v2|2 and
ǫ ≃ 2(2m
2
H −m21 − 2g3v2)
m22 +m
2
3 − 2m21
cosβ.
In the next case; tanβ ≪ 1, except for replacing g2 with g1 and cosβ with − sinβ, the mass matrix is
the same as in the case of tanβ ≫ 1, so the g2 is replaced by g1 alone and the others remain the same
as in Eq. (16). The eigenvectors are easily obtained as follows,
u(1) = [cosβ, −(sinβ + ǫ′ cosβ), 0],
u(2) = [(ǫ′ cosβ + sinβ) cosφ, cosβ cosφ, − sinφ],
u(3) = [(ǫ′ cosβ + sinβ) sinφ, cosβ sinφ, cosφ], (18)
where
ǫ′ ≃ −[2(2m2H −m21 − 2g3v2)/(m22 +m23 − 2m21)] sinβ
.
The last case to be considered is of tanβ ≃ 1. We get the same-type relations as follows,
h =
m22 −m21 −m23 + 2m2H
2v2
− g3, g′ = m
2
2 +m
2
1 +m
2
3
2v2
− g3, (19)
and eigenvectors as
u(1) = (cos β cos θ12 − sinβ sin θ12 cos θ23,− sinβ cos θ12 − cosβ sin θ12 cos θ23, sin θ12 sin θ23),
u(2) = (sinβ cos θ12 cos θ23 + cosβ sin θ12, cosβ cos θ12 cos θ23 − sinβ sin θ12,− cos θ12 sin θ23),
u(3) = (sinβ sin θ23, cosβ sin θ23, cos θ23), (20)
where
tan 2θ12 ≃ (g2 − g1)/(m21 −m22),
tan 2θ23 ≃ [(m22 −m21 −m23 + 2m2H − 2g3v2)/(m22 −m23)] tan 2φ.
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4 The asymmetry At in two-Higgs doublet model
As stated in the last section, we calculate the asymmetry At in the simplest extension of the Standard
Model, that is, in the two-Higgs doublet model on account that this asymmetry is sensitive to the non-
standard origin of CP violation. We estimate the asymmetry At in Eq. (7). The CP-violating part of the
form factor fR2 can be obtained from the five one-loop diagrams of Fig. 1, since we use the unitary guage.
We obtain the CP-violating contributions to the form factor ImfR2 for the five diagrams as follows,
ImfR2 |1 =
1
(4π)2
gGF
v
m2bmt
3∑
k=1
[|v1|2(−ImZ(k)1 + ImZ˜(k)0 )(C12 + C23)
− |v1|2ImZ(k)0 (C0 + C11) + |v2|2ImZ(k)0 (C11 + C21 − C12 − C23)], (21)
where C... = C...(−pt, pW+ ,mb,mH ,mk),
ImfR2 |2 = −
1
(4π)2
gGF
v
mt
3∑
k=1
[m2b |v2|2(−ImZ(k)2 + ImZ˜(k)0 )(C12 + C23 − C11 − C21)
+m2t |v1|2{(ImZ˜(k)0 − ImZ(k)2 )(C0 + C11) + ImZ(k)0 (C12 + C23)}], (22)
where C... = C...(−pb,−pW+ ,mt,mH ,mk),
ImfR2 |3 = −
1
(4π)2
gGF
v
m2bmt|v2|2
3∑
k=1
ImZ
(k)
0 (C0 + 2C11 + C21), (23)
where C... = C...(−pt, pW+ ,mb,mW ,mk),
ImfR2 |4 =
1
(4π)2
gGF
v
mt|v1|2
3∑
k=1
ImZ
(k)
0 [m
2
bC31 + (m
2
t −m2b −m2W )C33
+m2WC34 +
1
6
− 6C35 + 2m2bC21 +m2WC22 + (m2t − 2m2b −m2W )C23
− 4C24 + (m2b − 2m2W )(C11 − C12) +m2t (C12 + C23)], (24)
where C... = C...(−pb,−pW+ ,mt,mW ,mk),
ImfR2 |5 =
1
(4π)2
gGF
v
v2m2bmt
3∑
k=1
[ImZ
(k)
0 (C11 − C12)
+ ImZ˜
(k)
0 (C11 − C12 + C21 − C23)], (25)
where C... = C...(−pb,−pW+ ,mk,mb,mt).
C... are the three-point functions of the loop integrals for the diagrams in Fig. 1 [9][14]. Now we
evaluate the asymmetry At in Eq. (7). The free parameters are g3, φ, tanβ(= |v2|/|v1|), m1, m2, m3 and
mH , and the Higgs masses are constrained by the positivity conditions of Eq. (15) to a certain extent.
In our calculation, we will fix the following quantities as g3 ∼ O(1), φ = π/6, mH = 300 GeV, m1 = 350
GeV and mt = 180 GeV. For the lightest Higgs boson(m2), we take m2 = 100 GeV and 130 GeV in
accord with the minimal supersymmetric standard model, or m2 = 160 GeV as a numerical example of
the eigenvalue. Because of the positivity condition, we obtain m3 > m2 and we adopt 110 ≤ m3 ≤ 300
6
GeV as the reasonable m3 mass range. In the following calculation, we assume |P t||| = 1 in order to
estimate the maximum value of At.
The numerical results are shown in Figs. 2 − 5. In Figs. 2 and 3, we show the tanβ-dependence of At
for m2 = 160 GeV and m3 = 220 GeV, and m2 = 130 GeV and m3 = 190 GeV, respectively. The results
are obtained by using the solutions of mass eigenvalues mk (k = 1, 2, 3) and eigenvectors u
(k) of Higgs
mass matrix for the extreme cases, tanβ ≪ 1, tanβ ≃ 1 and tanβ ≫ 1, obtained in the last section. In
Fig. 4, we show the mt-dependence form2 = 100 GeV and m3 = 250 GeV in the range of 300 ≥ mt ≥ 100
GeV. In Fig. 5, we show the m3-dependence for m2 = 100 GeV in the range of 300 ≥ m3 ≥ 110 GeV. In
Figs. 4 and 5, we have taken tanβ = 0.5.
As seen in Figs. 2 and 3, the values of At are comparably smoothly connected among the three
regions of tanβ, though the solutions for the mass and eigenvector of Higgs mass matrix are obtained in
the extreme region of tanβ. The tanβ-dependence is nearly one order lower than the previous solutions
[9], where only one generate neutral Higgs boson is adopted as an approximation. The reason why the
magnitude of At is reduced in the new calculation is that some cancellation has occurred in the evaluation
of Im fR2 of Eqs. (21) - (25), since there are the relations of
∑3
k=1(ImZ
(k)
0 , ImZ˜
(k)
0 , ImZ
(k)
1 , ImZ
(k)
2 ) = 0.
In the case of tanβ ≪ 1, we get 1 × 10−4 ∼ 4 × 10−3 for At. As seen in Fig. 4, the mt-dependence is
strong, as expected from its dependence of Higgs scalar coupling to the fermions.
5 Conclusions and discussions
We have investigated CP violation in the top-quark decay by studying the asymmetry At of lepton
distributions from the subsequent decay W+ → l+ν in t→W+b in the two-Higgs doublet model in three
cases, tanβ ≪ 1, tanβ ≫ 1 and tanβ ≃ 1. As is expected, due to the large coupling of Higgs scalars to
the top quark, the asymmetry is significantly large (1× 10−4 ∼ 4× 10−3) for the one-loop effects in the
case of tanβ ≪ 1, for typical parameter values of mH = 300 GeV, m1 = 350 GeV, m2 = 130− 160 GeV,
and m3 = 190− 220 GeV. The asymmetry turns out to be affected by tanβ strongly in comparison with
by mt and m3. Hereafter, we are anxious to know about the value of tanβ.
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Figure Captions
Fig. 1. The five one-loop diagrams for the CP-violating part in t → W+b decay in the two-Higgs
doublet model in the unitary guage. The propagators with φ0 are the one of 〈φ0iφ0∗j 〉 defined in Eq. (10).
Fig. 2. The tanβ-dependence of At. (a) tanβ ≪ 1, (b) tanβ ≃ 1, (c) tanβ ≫ 1 for mH = 300 GeV,
m1 = 350 GeV, m2 = 160 GeV and m3 = 220 GeV.
Fig. 3. The tanβ-dependence of At. (a) tanβ ≪ 1, (b) tanβ ≃ 1, (c) tanβ ≫ 1 for mH = 300 GeV,
m1 = 350 GeV, m2 = 130 GeV and m3 = 190 GeV.
Fig. 4. The mt-dependence of A
t for mH = 300 GeV, m1 = 350 GeV, m2 = 100 GeV, m3 = 250 GeV
and tanβ = 0.5.
Fig. 5. The m3-dependence of A
t for mH = 300 GeV, m1 = 350 GeV, m2 = 100 GeV, mt = 180 GeV
and tanβ = 0.5.
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